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Abstract: The study addresses the fabrication of indium aluminum nitride (InAIN) layers by DC co-sputtering
at room temperature, highlighting their potential in optoelectronic and solar cell applications. Experiments were
carried out with different powers for the aluminum target, observing changes in the stoichiometry and material
properties. XPS and AES analysis confirmed the variation in indium and aluminum concentration, directly
affecting bandgap and electrical properties such as mobility and free carrier concentration. The layers showed
smooth surfaces with low roughness, suitable for high efficiency interfaces. This method promises to reduce
costs and improve the accessibility of efficient solar technologies based on InAIN semiconductor alloy.
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low-cost synthesis; Indium Aluminum Nitride

1. Introduction

Indium aluminum nitride (InAIN) emerges as a promising semiconductor material, standing out
for its tunable direct bandgap between 0.64eV and 6.2eV depending on its stoichiometric composition
[1], [2], [3]. This feature, together with its remarkable radiation resistance [4] and exceptional chemical
stability, positions InAIN as an ideal candidate for the fabrication of high-efficiency solar cells [5].
However, the synthesis of high quality InAIN layers represents a significant challenge, especially
when seeking to reduce costs through room temperature fabrication processes [6].

Traditionally, the synthesis of InAIN by sputtering requires temperatures above 200°C to
facilitate the reaction between nitrogen, indium and aluminum atoms, thus promoting the formation
of the compound [7], [8]. These thermal conditions not only favor atomic mobility on the substrate,
improving nucleation and thus the crystalline structure of the resulting layer, but are also crucial to
avoid the formation of polycrystalline or amorphous structures [3]. In addition, these low structural
quality layers usually exhibit a higher amount of electron-hole pair recombination centers, which is
adverse to the efficiency of a solar cell.

To date, the scientific literature has not reported obtaining InAIN films with wurzite-type crystal
structure and preferential c-plane orientation fabricated at room temperature. Therefore, the
development of a method that allows the synthesis of InAIN layers at room temperature, maintaining
optimal properties for applications in optoelectronic devices, may represent a significant advance
towards the reduction of production costs.

Additionally, the choice of sputtering type, either RF (Radio Frequency) or DC (Direct Current),
plays a crucial role in the quality of the synthesized InAIN. Traditionally, RF sputtering has been
preferred for the fabrication of InAIN [6], [9], [10] due to its ability to prevent charge accumulation
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on the indium target, thus facilitating the deposition of layers with high indium concentration. In
contrast, DC sputtering, despite being more economical, faces significant challenges, such as the
difficulty in maintaining a high indium concentration in the layers due to arcing, process disruption,
and non-uniform target wear.

In this context, our research focuses on overcoming these challenges by developing a method
using a DC co-sputtering system for the fabrication of InAIN layers at room temperature. This
approach represents a step forward in reducing the costs associated with their production, thus
opening new possibilities for the implementation of more affordable and efficient solar technologies.

2. Materials and Methods

The InAIN films were deposited by a DC magnetron sputtering process. For this purpose,
indium (99.99% purity) and aluminum (99.999% purity) targets, both 2 inches in diameter, were used.
Argon and nitrogen gases were used as inert and reagent gases, respectively. The separation between
the target and the substrate was 8 cm. The gas ratio was Ar:N2 = 2:8 sccm, with a base pressure of 1E-
7 Torr and an operating pressure of 10 mTorr. The substrate temperature was maintained at room
temperature, with a total deposition time of 10 min. Different powers were experimented with for the
aluminum target, specifically 60W, 100W, 140W and 180W, while the power for the indium target
was kept constant at 20W. Glass was used as substrate after cleaning with isopropyl alcohol.

The chemical compositions and atomic concentrations of In, Al and N in the layers were
analyzed by X-ray photoelectron spectroscopy (XPS) and Auger spectroscopy (AES) using an AES-
XPS PHI 548 system with Al Ka radiation source (1486.6 eV). Figure 1 illustrates the schematic of the
growth system and the setup for XPS characterization. XPS measurements were performed in situ,
eliminating the need for carbon calibration. To determine the electrical properties of the layers, Hall
effect measurements were performed using an ECOPIA HMS-5000 system in Van der Pauw
configuration. Additionally, UV-Vis spectroscopy was used to determine the absorption coefficient
of the layers and compare it with other semiconducting materials. The morphological properties of
the layers were investigated by atomic force microscopy AFM.
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Figure 1. Schematic of the synthesis equipment and characterization stage [11].

3. Results and Discussion
3.1. Chemical Properties
3.1.1. AES Auger Electron Spectroscopy (AES)

The analysis of the AES spectrum in Figure 2 confirmed that all samples show characteristic
peaks of indium (In), nitrogen (N), oxygen (O) and carbon (C) atoms. Specifically, the indium peak
was recorded at 408eV, corresponding to the MNN transition. The nitrogen peak appeared at 386eV,
associated with the KLL transition [12]. Although a peak for aluminum was anticipated at 1390eV,
corresponding to the LMM transition, this was not detectable in the measurement range employed.
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In addition, small peaks for oxygen and carbon were observed, indicative of slight contamination in
the deposition chamber. A peak at 366eV was also observed suggesting the presence of chemical
effects related to the covalent bond between indium and nitrogen, confirming the formation of InN.
Binary InN is estimated to be stoichiometric from the height ratios of the In/N peaks in the spectrum.
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Figure 2. AES Spectrum of InAIN Films: Identification of Elements and Evidence of InN Formation.

3.1.2. X-Ray Photoelectron Spectroscopy (XPS)

To complement the chemical analysis, the survey spectrum in Figure 3 obtained by XPS reveals
the presence of five chemical elements: oxygen (O), indium (In), nitrogen (N), and aluminum (Al).
The peaks identified in the survey spectrum correspond to the binding energies Ols at 531.4 eV,
In3d5/2 at 444.5 eV, N1s at 396.6 eV and Al2p at 73.7 eV [13], [14]. It is important to highlight that,
through this XPS analysis, it was possible to identify aluminum atoms in the samples, a result that
had not been possible by means of (AES) previously used.
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Figure 3. XPS spectra of InAIN layers. Identification of Oxygen, Indium, Nitrogen and Aluminum.
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Figure 4 illustrates the high-resolution spectra corresponding to the Al2p, In3d5/2 and N1s peaks
of the samples fabricated under various deposition powers. From the spectral data, an increase in the
intensity of the Al2p and N1s peaks is observed with increasing power applied to the target. This
phenomenon suggests an increased incorporation of aluminum and nitrogen into the film, which is
consistent with the formation of aluminum nitride (AIN), evidenced by the increase of the N1s peak.
On the other hand, the intensity of the In3d5/2 peak decreases, indicating a reduction in indium
concentration in the films as the power is increased. These results point to a modification in the
chemical composition of the films, favoring the formation of AIN to the detriment of indium

incorporation.
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Figure 4. Variation of high-resolution spectra of (a) Al2p; (b) In3d5/2; and (c) N1s peaks as a function
of target power.

To determine the chemical nature of the nitrogen bonds in the samples, a mathematical
deconvolution of the high-resolution XPS spectra corresponding to the N1s peak was carried out.
This deconvolution was performed using Gaussian functions and Shirley-type baseline fits. The
results obtained are presented in Figure 4, which shows the deconvolution of the N1s peak for
samples prepared under different deposition powers.

In the spectra of the N1s peak, two subpeaks are clearly identified, corresponding to the N-In
and N-Al bonds, with binding energies of 396.4 and 399.2 eV, respectively [15], [16], [17]. Detailed
deconvolution analysis indicates that, with increasing target power, the subpeak corresponding to
N-Al increases in intensity, while the N-In subpeak decreases. This behavior suggests an increased
formation of AIN and a reduction in the presence of InN within the semiconducting material.


https://doi.org/10.20944/preprints202409.0994.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 September 2024 d0i:10.20944/preprints202409.0994.v1

5
1000 1200 [P ar = 100W N1s
£ )
3 5
1=} =1
5] 5]
600 | £
z z
il £
c [}
£ s
§ 490 |- c
200
0
392 396 398 396 398
Binding Energy (eV) Binding Energy (eV)
1400 1400
Py = 140W
1200
) 7 1000
] 5
e S 8o
£ z
2 2 600
£ £
(]
200
[]
396 392 396 398
Binding Energy (eV) Binding Energy (eV)

Figure 5. Characterization of N-In and N-Al bonds by deconvolution of XPS spectra of the N1s peak.

Quantification of the ratio of N-In and N-Al bonds was performed by deconvolution of the N1s
peak in the XPS spectra of each sample. This analysis allowed us to determine the stoichiometry of
the samples and to examine how this varies as a function of the power applied to the aluminum
target. The results of this study are summarized in Table 1, which shows the evolution of the chemical
formula of InAIN with power variation. A 6% variation in stoichiometry is observed, which is a good
result considering that it is a DC co-sputtering process at room temperature.

Table 1. Changes in the chemical composition of InAIN in relation to the applied power.

Power applied to the aluminum target (W) Formula
60 InossAlo.12N
100 InoszAloasN
140 InogsAloasN
180 Inos2AloasN

Figure 6 shows a comparative analysis of how the power applied to the aluminum target affects
the InAIN stoichiometry using DC co-sputtering at room temperature and holding the indium target
power constant. This study is contrasted with previous research using RF co-sputtering at
temperatures above 300°C, where the indium target power was also held fixed. The results indicate
that the use of a room temperature DC system is feasible and allows the stoichiometry of InAIN to be
effectively modified. This method significantly reduces fabrication costs, which is crucial for the mass
production of optoelectronic devices.
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Figure 6. Variation of InN and AIN mole fractions with target power [6], [18].

3.2. Morphological Properties
3.2.1. Atomic Force Microscopy (AFM).

Morphological properties were analyzed by atomic force microscopy (AFM). This
morphological analysis provided quantitative data as shown in Table 2. In this table it is observed

that as the aluminum target power increases, the thickness of the layer increases and thus its
deposition rate.

Table 1. Variation of InAIN Thickness and Deposition Rate as a Function of Aluminum Blank

Power.
Power applied to aluminum Thickness (nm) Deposition rate (nm/min)
target (W)
60 63.523 + 24 3.59
100 72.093 +19 3.70
140 78.938 + 33 4.09
180 85.092 + 16 411

A surface area of 4um? was analyzed on each sample to obtain a detailed representation of the
morphology. In Figure 7, 3D images obtained by AFM are presented. These images reveal very
smooth surface textures, which is characteristic of the sputtering technique.
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Figure 7. 3D AFM Images of InAIN Layers Fabricated at Different Sputtering Powers. (a) 60W; (b)
100W; (c) 140W; (d) 180W;.

From the statistical analysis of the previous images, Figure 8a was produced, which illustrates
the root mean square (RMS) roughness of the samples as a function of the power applied to the
aluminum target. This RMS measure reflects the standard deviation of the height distribution of the
analyzed surfaces. In general terms, the samples exhibit exceptionally smooth surfaces, with
roughness values below 3nm. There is some tendency that as the aluminum target power increases
the RMS roughness tends to decrease. Something interesting in this research is that very low
roughness values were obtained compared to other samples as observed in Figure 8b [1], [3], [9], [13],
[13], [16], [19] a low roughness is desirable for the fabrication of interfaces with low defect density
[20] which is useful for the improvement of high efficiency solar cells.
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To analyze the peak height distribution of the samples, a threshold was used to differentiate the
grains from the background by classifying points above the threshold as grains and the rest as
background. Figure 9 shows the peak height distribution plot on the surfaces of the samples obtained
at different sputtering powers.

100
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2 4 6 8 10 12
Grain Height (nm)

Figure 9. Influence of Sputtering Power on the Morphology of InAIN Surfaces.

In the analysis of the height distribution, notable variations were detected in the predominant
grain height for each sample. The sample at 60W reached a predominant height of 7.02nm, in contrast
to that at 100W, which recorded a considerably lower height of 3.80nm. When the power was raised
to 140W and 180W, the most frequent heights were at 5.25nm and 4.70nm, respectively. However, no
direct relationship was established between the predominant height and the power applied to the
aluminum target.

The sample at 100W showed the lowest dispersion in peak heights, with values close to an
average, which could explain its reduced roughness; however, the existence of numerous peaks, 3725
in the analyzed area, suggests a lower homogeneity in the sample. In contrast, the sample at 60W
revealed the greatest dispersion in grain heights, which justifies its high root mean square roughness
compared to the other samples.
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The samples at 140W and 180W, with 1425 and 1848 peaks respectively, exhibit high dispersion
in heights, increasing the roughness. Despite this, the lower number of peaks, compared to other
samples, suggests a higher homogeneity, crucial for the efficiency of devices such as solar cells. This

uniformity obtained at room temperature could improve the electrical performance for electrical
contacts in photovoltaic devices.

3.3. Optical Properties
3.3.1. UV-Vis Spectroscopy

The optical properties of semiconductor layers with various stoichiometries were analyzed using
UV-Vis spectroscopy. In this study, the optical transmittance of the samples was evaluated over a
range of energies from 1.5 to 4.0eV, spanning both the visible and ultraviolet spectra. The results of
these measurements are presented in Figure 10. The figure shows that the samples exhibit a high
transmittance in the near infrared. However, this transmittance decreases progressively in the visible
spectrum, from the red to the violet. Furthermore, it is highlighted that an increase in target power,
leading to a higher proportion of AIN in the sample, results in an increase in transmittance.

100

Transmittance (%)

15 18 21 24 27 30 33 36 39
Photon Energy (eV)

Figure 10. Optical Transmittance of InAIN Layers as a Function of Target Power.

Figure 11 illustrates the absorption coefficient of the samples as a function of photon energy. It
is observed that the absorption coefficient is highest in the sample fabricated at the lowest target
power and decreases as the power increases. This behavior suggests that the absorption of light by
the semiconductor material decreases with increasing AIN content.
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Figure 11. Variation of Absorption Coefficient with Photon Energy as a Function of Target Power in
InAIN Layers [21].

To determine the bandgap of the samples, the Tauc method was used, which involves plotting
(cthv)? as a function of photon energy, where a represents the absorption coefficient and hv the
photon energy [22], [23]. Figure 12 exhibits the results obtained, showing that the bandgap ranges
between 1.8 and 2.0eV as the power of the aluminum target is varied. These values lie within the
visible spectrum, specifically in the red-orange range. Furthermore, it is observed that the bandgap
increases with increasing target power, which is consistent with theory [3].

The bandgap values obtained are comparable with those of materials such as CdTe (1.48eV) and
CdS (2.4eV) [24], [25], commonly used as absorber layer and window layer in solar cells, respectively.
This suggests that InAIN alloy fabricated at room temperature by DC sputtering could be useful in
such devices.

The explanation for these bandgap values is found in the high working pressure of 10mTorr
used during the deposition process, which reduces the kinetic energy of the incident atoms on the
substrate and complicates the formation of a more ordered crystalline structure, thus increasing the
optical bandgap of the material. Figure 12 also highlights the presence of the Urbach tail in all samples
attributable to disordered potentials [2]. However, the sample fabricated at 180W shows a particular
shape of this tail, attributable to the distribution of available states within the bandgap, originated by
structural defects.
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Figure 12. Determination of the Bandgap of InAIN Layers by the Tauc Method and its Variation with
Target Power.

3.4. Electrical Properties
3.4.1. Hall Effect

The concentration of free carriers (n) in the InAIN layers was determined using the Hall Effect
method. Figure 13 illustrates how n varies as a function of the power applied to the aluminum target.
It is observed that n decreases as the power increases, reflecting a reduction in the amount of carriers
in the conduction band. This trend is explained by the fact that increasing the power decreases the
indium (In) content in the InAIN layers. This decrease in the carrier concentration is attributed to the
decrease in Fermi energy with respect to the conduction band edge [26].

The obtained values of n range from 3.1E20 to 1.5E20, figures that, although high, are within the
range reported in the literature for this type of semiconductors fabricated by sputtering [1], [3], [9],
[13], [16], [19]. The high carrier concentration can be attributed to the presence of impurities and
donor defects in the material. In addition, the use of glass as a substrate contributes to the generation
of these defects, influencing the observed free carrier concentration [5], [27].
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research; (b) Comparison with other reports.
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Figure 14 illustrates how the resistivity of the InAIN layers varies as a function of the power
applied to the aluminum target. An increase in resistivity is observed as power increases, reflecting a
decrease in the electrical conductivity of the material. This behavior is attributed to the intrinsic
properties of AIN, which is more resistive compared to InN. As a result, the electrons in the material
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are more confined, which reduces their mobility and thus the electrical conductivity of the
semiconductor.

Resistivity p (Qm)
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Figure 14. Increase of Resistivity in InAIN Layers with Increase of Aluminum Target Power.

Figure 15 shows how the free carrier mobility (u) varies as a function of the power applied to
the aluminum target. It is observed that p decreases with increasing power, indicating that the
electrons find it more difficult to move inside the material. The u values obtained range from 14.01 to
0.16cm?/Vs, figures that, although low, are within the range reported in the literature for InAIN. One
of the factors affecting carrier mobility is the high dispersion in peak heights on the surface, which
increases roughness and reduces free movement
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Figure 15. Decrease in InAIN Mobility with Target Power.

5. Conclusions

The research presented demonstrates significant advances in the fabrication of indium
aluminum nitride (InAIN) layers by the DC co-sputtering method at room temperature. This
innovative approach has overcome previous challenges associated with the synthesis of this material,
particularly in terms of cost reduction and improved efficiency in the production of optoelectronic
devices and solar cells.

The results obtained indicate that it is possible to tune the stoichiometry of InAIN by varying the
power applied to the aluminum target, which directly influences the optical, electrical and
morphological properties of the material. It has been shown that an increase in the power of the
aluminum target leads to a higher incorporation of aluminum and nitrogen into the layers, favoring
the formation of AIN. This is reflected in an increase in bandgap, a decrease in the concentration of
free carriers and an increase in the resistivity of the material, which is consistent with the intrinsic
properties of AIN.
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Furthermore, morphological analysis by AFM revealed that the fabricated InAIN layers exhibit
exceptionally smooth surfaces, with roughness values below 3nm, which is desirable for the
fabrication of interfaces with low defect density. This aspect is crucial for improving the efficiency of
devices such as solar cells, where surface uniformity and quality are determining factors.
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